Infrared Radiation Applied to Polymer Processes
The infrared heating of polymers is often a crucial step during polymer processing, because radiative heat transfer can be very efficient in comparison to conductive or convective heat transfer. Indeed, the thermal conductivity of polymers is really low (0.1 ≤ k ≤ 0.6 W/m/K) and consequently optimizing the heating and/or cooling steps remains a challenge. The results presented in this chapter are based on intensive research work, conducted at the ICA Institute over the past 10 years.
After a brief introduction, the authors present basic concepts dealing with radiative properties and more particularly infrared. The main radiative properties (emissivity, reflectivity, absorptivity, etc.) both for emitters and polymers are measured and analyzed. In addition, different methods to determine relevant parameters, such as filament lamp temperatures, are detailed. The development of accurate surface temperature measurements using an infrared camera is subsequently described. This powerful non-contact measurement device can also be applied for estimating heat transfer coefficients as well as anisotropic thermal conductivities of composites.
The infrared heating modeling of polymer preforms, typically used in the stretch blow molding process, is then presented. The assumptions of a cold and non-scattering medium suitable for thermoplastic polymers allow us to use a simplified radiative transfer equation. For radiation modeling, the Beer-Lambert law together with the ray tracing method is well adapted to simulate heating of semi-transparent polymers. Different examples are then presented, dealing with injection blow molding of P.E.T. bottles and curing of composites made of epoxide thermoset resin.
Introduction
Radiant energy has numerous familiar applications. A very common one is that of microwave heating, nowadays adopted for cooking at home. Another application is the laser, most known by the public for surgical applications. Halogen lamps are appreciated for home lighting, as well as automotive lighting systems, and the drying of paints in the automotive industry is also a well-known application. The focus of this chapter, however, is on infrared heating of polymers.
Why use infrared heating for polymers?
In the industrial context of polymer processing, radiant energy has gained increasing markets due to low thermal conductivity of most polymers (0.1-0.6 W / m / K ) [ F R A 0 2 ] . D i f f e r e n t e n e r g y transfer means are used in industrial manufacturing processes: -direct energy transfer between the source and the product to be treated (can penetrate into polymers giving a volumetric heating effect); -high-power density; -radiation focusing; -control flexibility (low thermal inertia); -low investment cost; -adaptable and expandable.
Application of radiative transfers in polymer processing
In Table 13 .1, some applications of infrared heating are presented. Polymer processes such as injection stretch-blow molding (ISBM) [ROS 04 ] and thermoforming [THR 99 ] are commonly used for manufacturing packaging products (bottles, cups, etc.). Both need a preliminary and efficient IR heating step before forming. In addition, development of IR heating technologies has gained recent interest for curing thermoset composites [WIL 14, NAK 11] since it is necessary to optimize manufacturing time and costs, and to provide the performances of these composites. Repair operation on damaged composite structures, such as an airplane fuselage, is another area in which infrared technologies are displacing conventional heating mats and conductive methods [WIL 14 ].
In the case of the ISBM process for manufacturing polyethylene terephthalate (PET) bottles, a tube-shaped preform previously injected is heated above the glass transition temperature ( ) In addition, the rate of bottle manufacture can exceed 60,000 bottles per hour for a current ISBM machine. It is this high production rate and the production method that exposes the ISBM bottle manufacturing process as a high-energy consumption process with around half the total energy of a consumable bottle of water lending itself to manufacturing (Figure 13 .1). Optimizing temperature distribution while reducing energy consumption are major motivations to understand and model the interaction between IR radiation and the polymeric semi-products (preforms, sheets, plates, etc.).
Infrared radiation characteristics
Electromagnetic waves are in charge of heat transfer by radiation traveling at the speed of light (c = 2.998 × 10 8 m/s in vacuum), which is called electromagnetic radiation. It is a kind of energy emitted as photons and exhibits as electromagnetic wave (Figure 13 .2), which is characterized by wavelength and frequency : In addition, using Kirchhoff's second law, we can assume the energy absorbed is equal to energy emitted:
where λ ε is the spectral emissivity coefficient. In addition, the reflection is related to the value of the surface roughness. Specular or diffuse reflection is characterized by a specific ratio given by σ λ where σ is the root mean square (RMS) roughness of the surface and λ is the wavelength of the incident radiation. If σ λ << 1, then the surface is assumed to be specular; on the other hand, if σ λ >> 1, the surface is assumed to be a diffuse one. For most polymers parts considered here, the reflection is mainly diffuse. In addition, if the surface is assumed to be opaque, there is no radiation transmitted (τ λ = 0). The measurement of all these optical parameters is of prime importance in order to optically and spectrally characterize infrared heating of polymers and also to measure surface temperature distribution (mean emissivity coefficient is needed for infrared camera measurements).
IR-spectrometer measurement (transmission and reflectivity)
For the determination of the intrinsic transmittivity () λ τ and reflectivity ( ) where k λ is the intrinsic absorption coefficient independent of the sample thickness t and C λ is a value corresponding to calculation of the -InT λ intercept of the experimental line. The C λ value permits us to calculate the reflectivity coefficient, in addition to reflection mode measurements that can be performed.
Example of transmission and reflection spectra for some polymers
As mentioned before, PET is extensively used for the manufacture of thin-walled containers that are used for a multitude of applications, especially beverage containers. In order to achieve accurate transmission measurements, it is necessary to obtain thin samples at different thicknesses from amorphous PET injected-molded plaques or preforms. More details are described in [MON 01]. In Figure 13 .5, the spectral transmission is plotted for two PET Tergal T74F9 (IV = 0.74) samples (0.24 and 0.34 mm thicknesses). We note that for λ ≤ 7 µm, the transmission is very important. At the opposite, transmission is low in the spectral band (8 -14 µm). This means that PET can be considered as opaque in this specific wavelength band. This is not the case for all polymers. For example, HDPE is not opaque in this spectral band. In addition, reflection measurements for PET have been performed with 2 mm thick samples (Figure 13 .6), confirming a low average value (approximately 7%).
Further values for other polymers will be presented in the next section in correlation with lamp temperatures and the surface colors. 
Infrared emitters: characterization
Infrared emitters vary mainly by the technology used, their geometry and temperature T L . The role of temperature is predominant because it affects the maximum power and wavelength range associated with the element. The main problem is the choice of the wavelength range for radiative interactions between infrared lamps and polymers.
In addition, reflectors may change the spatial distribution of radiative flux. Other parameters, such as inertia during heating and cooling, can be critical depending on the type of application. As different technologies [KNI 96 ] exist on the market (metallic radiant tubes, quartz tubes, ceramics, vitrified ceramic radiant panels, catalytic and non-catalytic gas, etc.), we will focus here only on specific electrical emitters mainly used for ISBM and thermoforming processes: halogen, quartz tube and ceramic lamps. Using the previous measures of intrinsic spectral absorption coefficient ( Figure 13 .5) allows a mean penetration depth of radiation energy () eT to be computed, which is the inverse of mean absorption coefficient () : The spectral band Δλ = [0.4, 25] µm corresponds to the typical range of the spectrometer Bruker Vertex 70 available in our laboratory. In Table 13 .3, penetration depths are calculated for different thermoplastic polymers (ABS, PS and PP), natural, black (N) or white (B), considering temperatures of lamps (see Table 13 .2). Indeed, most of the values are very low (a few tens of micrometer) and of the same order of magnitude for ceramic and quartz tube emitters. The highest value is for natural PP (622 µm) together with halogen lamp. In comparison ( Figure 13 .5), transmission radiation is much more important for PET polymer and particularly for NIR. The effect of color can be further highlighted by calculating the mean reflectivity
on the same spectral band:
Most of the values are less than 10%, as expected (section 13.2.1.2). But for white samples with halogen lamps (NIR and SW), the mean reflectivity coefficient may be more than 40%. These results confirm that infrared heating using halogen lamps, will be affected by the color of the surface, particularly by white. 
Emission spectrum of halogen lamps
Considering now the halogen lamp, a coiled tungsten filament is enclosed into a quartz tube filled with neutral gas. In order to calculate the power emitted by the Of course, the filament is not made only of pure tungsten, but of an alloy. For
e. the temperature of a halogen lamp), the mean emissivity is equal to 0.27. In addition, the quartz tube also emits and contributes to 9% of total emitted power [MON 01].
Directional emission of typical lamps used in forming processes
An in-lab experimental set-up using a thermopile (for full details, see [MON 01] and [AND 05]) has been developed in order to evaluate directivity of each emitter and to provide data for computational methods described later in this chapter. In Figure 13 .8, polar emissions of different heaters are plotted and compared to Lambertian source (isotropic emission). We note that a "clear" halogen lamp (i.e. with no ceramic coating on the back surface of the quartz tube) is similar to a Lambertian source. This is not the case for all the other emitters.
Infrared camera measurements
One of the key points in polymer processing is the control of surface temperature of parts or preforms during the heating step and, as a consequence, the optimization of the volumic heat source inside the material to ensure the best efficiency of heating. Due to the high production rate needed for plastic bottles, as seen before, this step is mainly provided by IR lamps.
Some tests have been conducted by researchers to evaluate the ability of thermocouples as a temperature sensor on the surface or inside the polymer heated [BAR 94]. These authors have shown that the response of the embedded thermocouples in a semi-transparent material such as PET can be drastically affected by the IR radiation traveling through the material toward the thermoelectric junction. This leads to errors in the temperature measurements which can be very different from the true local temperature of the polymer. This drawback implies rigorous corrections (that means a specific model) of the measurement process. Moreover, the size of the thermocouple has to be chosen very carefully to avoid conduction into the wires. Such a method is not suited to quick experiments on industrial machines where processing time is a critical parameter.
For these reasons, non-contact temperature measurement has been tested in our approach. Some authors proposed in the past to use infrared pyrometers [HAI 94] and gave comparisons depending on spectral properties of the material observed. To be more complete, we have chosen temperature field measurement with an infrared camera instead of single spot analysis. In all these situations, we have to take into account a radiometric equation related to different parameters which are necessary to convert raw digital values obtained at the output of the camera into true temperatures. The radiometric equation is given by: To obtain these different terms, we need to investigate a typical experimental situation encountered in our problem. This situation is depicted in Figure 13 .9 and shows our in-lab blow molding machine including an infrared oven on the right side with six lamps (1,000 W each), a reflector behind (can be an aluminum plate or a specific white ceramic) and on the left side the preform and the mold dedicated to the blowing step of a 0.5 l bottle after the heating step. At first, it is important to choose the best spectral range for the camera to ensure that the measurement done corresponds to a surface temperature. With the help of equation [13.9] and choosing specific spectral ranges (short wave, medium wave and long wave), it is easy to calculate the penetration depth (see section 13.2.2.1). For example, if we consider PET, the results for e(T), discussed in [MON 04], are summarized in Table 13 .5. It can be seen that the 5-20 µm wave range corresponds to the opaque region: the incident radiative flux coming from the lamps is considered as a boundary condition at the surface and regarding the emission of the preform, the flux received by an infrared sensor can be assumed as a surface emission (not a volume emission).
A typical infrared uncooled
Bolometric camera (spectral range: 7.5-13.5 m) 320 × 240 pixels -frame rate: 60 Hz Infrared camera is looking here at a distance of 40 cm from the preform PET preform Height: 100-120 mm Diameter: ~20-25 mm Inside the infrared oven (lab scale) 30 cm
Infrared lamps
Translation of the preform inside the oven
Rotation of the preform
For this reason, the best compromise here is to choose the 7-14 µm window available among the different ranges for infrared cameras. Most used windows are 7.5-13.5 µm or 8-12 µm depending on the supplier of the camera, which also fits to the best atmospheric transmission window for the infrared [WOL 89].
Note also that for the lamp temperature and the short wave range, e(T) is equal to 3.2 mm, a value greater than the real thickness of our preform (3 mm). This shows that for the maximum of emission of the lamp (≅ 1.2 µm), the radiative energy contributes to a volumic heating of the preform (see section 13.2.2). As a conclusion, by choosing the 7-14 µm spectral range, a real surface temperature measurement can be performed. To ensure that this temperature is a true temperature, we now have to consider the other terms of [13.12]:
-atm τ (atmospheric transmission): for the spectral range 7-14 µm, a simple test done with a blackbody shows that there is no significant attenuation of the signal received by the camera when the blackbody is moved from a very short distance up to several meters. As the preform is viewed at less than 0.5 m, the atm τ parameter is assumed to be equal to 1; -as a result of Table 13 .5, PET is an opaque material in the 7-14 µm spectral region). Then, a reflectance measurement done on an FTIR spectrometer gives 0.07 For an "open" oven: the environment term is related to a radiative contribution coming from the wall of the room where the oven is installed (a "room" temperature). Then, a measurement made with the infrared camera on a homogeneous screen beside the heating area, measurement made at room temperature (every part of the oven is in radiative equilibrium with the surroundings) gives the DL 0 (T env ) and in a second step T env by inverting the calibration curve DL 0 . However, such a situation can correspond only to a simple lab situation. In a more realistic situation, the oven is composed of different walls and reflectors in front of the panel of lamps or ventilation system as depicted in Figure 13 .10. Each element, depending on its own temperature and optical properties, can contribute to the energy measured by the infrared camera on a vertical strip p S on the front of the preform as shown in Figure 13 .10 (the size of this vertical strip is taken greater than a given number of pixels depending on the spatial resolution of the camera used). The reflectors and grid of the cooling fan are considered flat surfaces (i.e. here S v and S k ) for which optical properties such as reflectivity have been analyzed with an infrared spectrometer, and temperatures have been recorded with a specific thermocouple fixed on the inner part of each plate. With these data, the energy exchanged, in a first approach, between the ventilation system and the preform and between the halogen lamps with a back surface plane has been obtained via a view factors computation (e.g. plate to plate or strip to plate).
As in a radiosity method, we have then computed the sum of these last two terms incoming on the camera lens (i. This parametric study leads to 25°C env T ≅ , giving good agreement with the "blackbody curve": 1°C T Δ≅ around 120°C. An experimental approach has also been tested: an image difference technique between the preform viewed by the infrared camera out of the oven and the preform just as the entrance of the oven: the preform is still in equilibrium with the room temperature but the reflections of the new environment can be deduced; this other approach shows a env T more close to 27/28°C but the difference between computation and experiment had no significant effect on the non-contact measurement done on the preform in the oven (1 or 2°C around 120°C). As a conclusion, a temperature map on the PET preform was successfully achieved inside the infrared oven, generally considered as difficult conditions. An example of such a map is given in Figure 13 .11. This section has shown the different steps to use an infrared camera, not only for thermal imaging but also to achieve quantitative infrared thermography. As mentioned before, these measurements had been used to obtain temperature spots of profiles along the height of the preform helping to adjust the oven set-up regarding the variation of the temperature on the PET.
Other applications, such as validation of lamp temperatures via infrared thermography measurements on quartz tubes (indirect validation of filament temperature) [MAO 05] or heat transfer convection coefficient along the height (Z) of the preform [MON 04] helping to complete the dataset needed for a complete simulation of the heating step, are described in [MON 01].
Modeling of infrared radiation
As previously shown, characterizing and measuring temperature of infrared polymers is essential before developing radiation simulations. In section 13.2.2, we highlighted that thermoplastics can be opaque or semi-transparent, depending on the type of emitters. In addition, in some kind of composite materials, due to the presence of fibers reinforcement and particularly carbon fibers, it is the same for thermoplastic or thermoset composites [NAK 11]. In the following section, we will consider both opaque and semi-transparent cases.
Opaque medium: surface to surface methods
Entire surfaces (tungsten filament, reflectors, composites or polymers, etc.) are assumed opaque in the infrared bandwidth, and behave like a Lambertian source (isotropic emission). In addition, only integrated optical properties should be considered. An ambient medium (for example, air) is assumed to be a nonparticipative radiative medium.
Thus, surface to surface methods could be applied in order to account for radiation interactions. Then, radiation heat transfer between opaque surfaces is based upon radiosity which is defined as the total radiative flux leaving a surface. The radiosity method subdivides a scene into different areas acting as Lambertian emitters and subsequently determines a condition in which the radiative transfer between the areas leads to an energetic equilibrium [SIE 02]. The fraction of radiative energy absorbed by the composite (or opaque polymer) may be calculated via view factor computations. Different analytical approaches exist for simple view factor calculations [SIE 02]. However, most of the time, numerical methods are necessary to account for complex geometries. The main advantage of this approach is the reduction of computer time in comparison to more general methods such as ray tracing and Monte Carlo. Figure 13 .12(a) shows the geometry of a 3D composite part heated by one halogen heater. The global error between heat fluxes computed using hemicube numerical method [COH 85] and ray tracing method (Figure 13.12(b) ) is less than 10%. In addition, CPU time is reduced approximately by 7 (Intel Core 2Duo 2.1 Ghz 2.99 Go). In order to develop optimization procedures for improving surface temperature distributions, computation times for solving a radiative transfer problem should be greatly minimized. It should be noted that this simplified approach is not useable for infrared heating of semi-transparent polymers or thermoplastic composites, where absorption or scattering has to be accounted for.
Semi-transparent medium
The propagation of radiation through a semi-transparent medium is affected by absorption, emission and scattering processes. The radiative transfer equation describes the interaction of photons inside the matter, that is to say: losses of energy related to absorption, gains energy by emission and scattering.
Radiative transfer equation
The fundamental quantity which describes a field of radiation is the so-called spectral intensity 
where D λ is the scattering coefficient, ψ is the phase function, ′ Ω is the solid angle and ′ Ω  is the scattering direction vector.
Radiation scattering may occur during infrared heating of semi-transparent thermoplastics for which optical properties are influenced by the crystalline microstructure (morphology and/or degree of crystallinity). Another interesting case is the radiation heating of a semi-transparent thermoplastic composite (Figure 13 .13) using a laser beam. The difference between refractive indices of the polycarbonate matrix and the glass fibers will induce light scattering and attenuation of the intensity. In this case, accurate measurement of the scattering coefficient D λ will be crucial.
Cold and non-scattering material assumption: Beer-Lambert law
For many thermoplastic polymers, it is possible to neglect scattering during infrared heating. This is typically the case for PET during the heat conditioning step of the ISBM process. Degree of crystallization after injection molding of PET preforms is less than 5% [MON 01 ]. This assumption is no more possible for ISBM of mineral filled PET where particles may aggregate with a size up to 0.5 µm [BIL 12]. Another important assumption is the so-called "cold medium". In fact, selfemission of most of the heated polymers may be neglected during the heating step, considering that the polymer bulk temperature (T PET ≤ 400 K) is very low in comparison to the source temperature (T F ≤ 2000 K) for tungsten filament). Therefore, the assumption of a cold material is convenient [SCH 03].
Using these assumptions greatly simplifies the radiative transfer equation and allows integrating easily: where o s can be, for example, the position vector at the polymer surface. We obtain a similar relation to Beer-Lambert law previously used in section 13.2.1.1.
For the case of a semi-transparent material, the heat balance equation may be written as follows:
where ρ is the polymer density, p c is the specific heat and r q  is the radiative flux.
In this case, the radiative flux is simply approximated using the Beer-Lambert law [COS 11]: and represents the power received by the skin/surface of the part from the lamp.
Ray tracing method
Different numerical methods may be used to compute the source term q ∇⋅   . The Ray tracing allows for the simulation of a wide variety of optical effects, such as reflection, refraction and absorption. In addition, this method enables us to take into account most of constitutive elements of an IR oven such as multiple lamps (various geometries) and reflectors (ceramic or metallic). The general principle of the method is to discretize, into a set of rays, the radiative heat flux emitted by each lamp. Then, each ray is followed inside the oven, from its emission point and throughout the thickness of the polymer. The ray tracer computes the optical path of each ray, accounting for specular or diffuse reflections, refractions, etc.
In addition, assumptions should be made for the different optical properties of lamps, reflectors and part. For example, the tungsten filament of a halogen lamp can be assumed to be a Lambertian emitter. This assumption provides the definition of ray direction vectors (Figure 13 .14) for rays coming from the filament.
The direction vector is defined by two parameters: θ and φ, respectively, defined where 12 , nn are, respectively, the refractive indices of mediums 1 and 2. As a result, the ray tracing method can be time-consuming. It is therefore very important to optimize the number of rays as well the stochastic computation of polar emissions [COS 11].
Polymer processing applications
There are many applications of infrared heating in polymer processing (see section 13.1). In this section, we will focus on two promising approaches: one dealing with IR heating of thermoplastic material, "Optimization of preform temperature for ISBM process" (this study was conducted within the framework of 6th EEC framework. STREP project APT_PACK; NMP-PRIORITY) and the other one with thermoset curing "Optimal infrared composite curing" (this research work was supported by TOSHIBA LIGHTING company).
Optimization of preform temperature for the ISBM process
As described previously, the IR heating step is crucial for bottle forming. The important question is: what is the optimal preform temperature distribution before inflating? Answering this question is not easy because the main interest of the manufacturer tends to the quality of the final product (thickness distribution, mechanical properties, bottle transparency, etc.). Thus, if we define the problem in terms of an optimization algorithm, we understand that the relevant objective function is related to the forming step (for example, bottle thickness, top-load, etc.) while the optimization variable (temperature) deals with the IR heating step. This means that coupling between both steps (heating and forming) is necessary. In order to reduce CPU time, we have decided to split the optimization problem into two steps: -First, using an interpolation function of the temperature versus length of the preform, we have computed the optimal values of temperatures located at different heights of the preform due to blow-molding numerical simulations. Full details of the procedure are given in [BOR 09]. The objective function is defined as the standard deviation of the computed bottle thicknesses. The preform geometry was a 18.5 g preform-PET T74F9 (IV = 0.74). The in-lab blowing machine including an IR oven and a 50 cl bottle mold is represented in Figure 13 .16. Figure 13 .17 illustrates the temperature distribution along the preform length before and after optimization. Initial conditions were chosen in order to apply a uniform temperature on the preform. In addition, the optimal temperature distribution determined by the industrial partner (Logoplast Company) is plotted. Note that there is a good agreement in the trends between the temperature profile experimentally determined (trial-and-error method) within industrial conditions, and the temperature distribution computed using the optimization method.
The uniform temperature distribution leads to a strongly non-uniform thickness distribution for the bottle, as illustrated by Figure 13 .18. After optimization, there is a temperature gradient along the preform length, which provides a more uniform thickness. -Then, when the optimal temperature distribution has been computed, a second optimization procedure is applied for computing the IR oven optimal parameters. The semi-transparent infrared model has been described in section 13.3. It is important to note that, in order to account for preform rotation, the source term has to be computed as a periodic function versus time in the numerical model. In order to illustrate the accuracy of the IR heating model, a comparison is proposed between PET preform simulations and IR camera measurement (Agema 880 [8-12] µm). Six halogen lamps of Philips 2 kW are set to power percentages referenced in Table 13 .6. P 1 (%) P 2 (%) P 3 (%) P 4 (%) P 5 (%) 100 100 20 5 60 In addition, the distance between the lamps and the preform, as well as the mesh for the heaters and preform, is represented in Figure 13 .21. For this case, the rotation speed of preform is 1.1 s -1
. The heating time is 25 s while cooling time is 10 s. For the polar emission of each lamp, 1.5 million rays have been used. CPU time for computation of source term is 90 min (T9500 2.6 GHz, 3 Go RAM). In addition, the preform is meshed with 6,000 tetrahedral nodes (20 hoop nodes, 10 thickness nodes and 30 height nodes). Figure 13 .22 shows the excellent agreement between computed temperature versus preform height and experimental data at the end of heating time for the outside preform surface temperature. The average relative error is 1.7%. Now, using the optimal temperature profile calculated in the previous step (Figure 13 .17), we can perform an optimization procedure using the nonlinear constrained algorithm sequential quadratic programming (SQP) in order to calculate the best heating system parameters [BOR 07]. The objective was to obtain the desired temperature along the preform length, by modifying the process parameters related to the IR oven. In the case presented, seven optimization variables associated with the percentage of power of lamps of an industrial oven (Logoplast Company) have been used. The objective function f is simply defined as follows: is the desired temperature value for the ith lamp. The temperature of each lamp can be related to the lamp power using the Stefan-Boltzmann law (section 13.2.2). Starting with the initial values referenced in Table 13 .7, we obtain after four optimization iterations and a CPU time of 7 h 30 min on a Pentium M 1.8 Ghz 512 Mo, the optimized values.
P 1 (%) P 2 (%) P 3 (%) P 4 (%) P 5 (%) P 6 (%) P 7 (%) f (°C Other parameters such as heating time and cooling time can be added as optimization variables. We may also improve the objective function by accounting for energy efficiency for example. 
Optimal infrared composite curing
Epoxy resins have several applications in the aerospace and automobile industry. Because of their good adhesive properties, superior mechanical, c h e m i c a l a n d thermal properties and resistance to fatigue and microcracking, they produce highperformance composites. In addition, rising energy costs have also promoted an interest in using infrared energy to manufacture these composites [KAR 00, CHE 02]. In the technology presented here, the composite is cured using an IR oven which includes halogen lamps ( Figure 13.24(a) ). The liquid resin infusion (LRI) a) b)
process is used to manufacture the composite, whereby liquid resin (epoxy resin: RTM6) is infused through a fiber reinforcement (carbon reinforcement IMS60, non crimp fabric [45/90/-45/0]) previously in a one-sided mold ( Figure 13.24(a) ). The 3D geometry used to validate numerical simulations is a simplified car underbody and its dimensions are sketched in Figure 13.24(b) . The manufacturing temperature for such composite is between 160 and 190°C.
The objective of this work was to compare the temperature measurements of the 3D composite geometry realized using an infrared camera and thin thermocouples (less than 100 µm in diameter) versus numerical simulations.
In order to measure surface temperatures, we used a microbolometer camera equipped with a lens of focal length F = 18 mm. Its resolution is 320 × 240 pixels. Its spectral range corresponds to the average infrared (7.3 -13 µm). The image frequency is 60 Hz. The apparent emissivity of the composite in the spectral range of the camera ε 7-13 = 0.95 has been calculated due to the apparent reflectivity R 7-13
[SIE 02]. The apparent reflectivity has been deduced from spectral reflectivity measurements, performed due to an infrared spectrometer Bruker Vertex 70. It is to be noted that this spectrometer is equipped with two detectors enabling coverage of all the IR spectral ranges (0.8 to 25 µm). An important detail is that the resulting measurement includes all the different films used for resin infusion (recovery surface and demolding fabric) as well as carbon fibers.
In the previous papers [NAK 13, NAK 11], a FE thermal model based upon the COMSOL Multiphysics™ software was fully detailed, for the prediction of the infrared incident heat flux on the top surface of the composite during heating. Although we have applied the ray tracing method previously [NAK 10], it is not convenient to use it for an industrial application because of the computational expense when solving the radiation problems and analysis time resulting from coupling ray tracing method with the optimization algorithms. The method employed by the FE heat transfer solver to compute the radiation heat transfer between opaque diffuse surfaces is based upon radiosity which is defined as the total radiative flux leaving a surface (see section 13.3.1).
The composite was meshed into 8,248 tetrahedral elements. A very dense mesh is used for the volume material discretization along and near the edges highlighted in Figure 13 .25(a), as higher temperature gradients will occur here, while a coarser mesh is used in the remaining volume. The resulting temperature distribution is represented in Figure 13 .25(b). Due to the optimization procedure [NAK 10], the maximum temperature difference throughout the composite geometry is less than 5°C. Again, the positions and associated numbers of thermocouples and surfaces are sketched in Figure 13 .25(b). In Figure 13 .26, measured temperatures issued from both thermocouples and an IR camera, and computed ones, are plotted versus time. The 3D numerical model is developed in the finite element software COMSOL Multiphysics™, where the heat balance equation is coupled with the cure kinetic model of the resin [SIE 02]. The computed radiative heat flux is exported to COMSOL Multiphysics™, and imposed as a boundary condition on the top surface of the composite. This numerical model allows the calculation of the temperature distribution in the composite during curing as well as the degree of curing. From a global point of view, the agreement is unexpectedly good considering all the input data involved in the numerical model. At position 1, the measured temperature using thermocouple (TC1) and computed a) b) one is in good agreement, especially during the temperature rise. However, a temperature difference of 5°C is calculated during the steady state.
At position 2, the surface temperature measured by IR camera is slightly higher than those measured by thermocouple (TC2). Nevertheless, the measured and computed temperatures exhibit again a good agreement.
At position 3, again the best agreement between experimental and numerical temperatures occurs during temperature rise (transient state). A temperature difference of 8°C is observed during the steady state, both with IR camera and thermocouple measurement. Indeed, the proximity of this thermocouple to a vacuum port leads to underestimate the measured temperature. Different temperature measurements due to an IR camera and thermocouples allows for validating computed temperatures. In order to simulate the curing process, 3D radiation numerical simulations also include a kinetic model based upon modified Kamal-Sourour equation [NAK 13, RYA 79] . For estimating the influence of IR radiation upon mechanical properties of the final composite piece, it would be important to achieve mechanical tests (DMA, 3-points bending, shear test, etc.). For example, comparisons may be performed between samples cured by conduction mode (or autoclave), and by infrared oven. In addition, careful examinations of SEM images would lead to better understand the microstructure of the composite piece obtained using the IR curing process.
Future work
Infrared heating of polymers is still a challenging and exciting research topic. Many questions still remain unanswered. An important one deals with the interaction of radiation and the microstructure of polymer. As mentioned previously (see section 13.3.2.2), when adding submicronic mineral fillers or dyes in PET [BIL 12 ], IR heating is affected. This means rays may be refracted and radiation diffusion may occur. This is also the case for thermoplastic composites [AKU 15] (for example, polycarbonate matrix and glass fibers reinforcement) or some polymers crystallizing during IR heating. The ray tracing method can be used to account for scattering but it can be time-consuming for industrial applications. Different physical models, based on ratio between the diameter D of spherical particles and IR wavelength λ (size parameter known as πD/λ), such as Rayleigh approximation and Mie theory [VAN 81 ] may be applied to account for interactions between IR radiation and microstructure as in [DEN 96 ].
Another interesting challenge deals with the measurement of the absorption coefficient for semi-transparent polymers (for example, PET). The common procedure uses a spectrometer in transmission mode. But measuring the absorptivity independently of the thickness samples requires careful cuts using microtome, meaning operator dependancy. In the case of specular reflection, we could take advantage of Kramers-Kronig [KIT 04] relation in order to assess to the absorption coefficient.
In addition, the characterization of heater lamps and more particularly halogen lamps, still remains a big challenge. Most laboratories are not equipped for measuring such high temperatures (≅ 2500 K). Again, an IR camera may be a good way of evaluating the desired temperature. The experimental set-up consists of heating a thermoplastic sheet for which all the thermo-physical and thermo-optical properties are well known. Thus, when performing accurate numerical simulations of infrared heating, we can apply an inverse design approach in order to find the optimal temperature value. The objective function may compare, for example, experimental and numerical temperature profiles at the back surface of the polymer sheet. For this method, work has to be done on the influence of the boundary condition such as convection and environment temperature. Lastly, the experiments involving an infrared camera could also bring information on the irradiance map in W/m 2 provided by the halogen lamp on the thermoplastic sheet (profile, amplitude, etc.).
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